Determination of in-depth damaged profile by Raman line scan in a pre-cut He2+ irradiated UO2 Appl. Phys. Lett. 100, 251914 (2012) Fatigue effect in ferroelectric crystals: Growth of the frozen domains J. Appl. Phys. 111, 124111 (2012) High pressure Raman and x-ray diffraction studies on the decomposition of tungsten carbonyl J. Appl. Phys. 111, 112606 (2012) Ultrafast carrier and coherent phonon dynamics in semi-insulated and n-type 4H-SiC J. Appl. Phys. 111, 113520 (2012) Additional information on J. Appl. Phys. ͑Ti,Al͒N films were deposited by an off-plane double bend filtered cathodic vacuum arc technique in N 2 ambient at room temperature. X-ray diffraction ͑XRD͒ and Raman spectroscopy were used to characterize the film structure. The influence of deposition pressure and the substrate bias on the XRD patterns and Raman spectra were systematically studied. As deposition pressure is increased, the film structure evolves from metallic, to metal rich (Ti,Al͒ 2 N, and finally to a single face-centered cubic ͑Ti,Al͒N. As substrate bias is increased, the structure evolves from amorphous to crystalline ͑Ti,Al͒N for bias at 200 V. Further increase of substrate bias results in the decrease of the crystalline size and increase of disorder phase. Four peaks at 238, 326, 442, and 679 cm Ϫ1 , arisen from the transverse acoustic, longitudinal acoustic, transverse acoustic optical, and longitudinal acoustic modes of ͑Ti,Al͒N phase, respectively, can be observed in the Raman spectra. The variation of the Raman spectra with the deposition pressure and substrate bias are in good agreement with that of the XRD measurements.
I. INTRODUCTION
Recently, there has been considerable interest in ͑Ti,Al͒N films due to their outstanding properties with respect to oxidation resistance and corrosion resistance by molten metals, beneficial mechanical and thermal protective characteristics on high speed cutting tools with an improved wear behavior, and an increasing microhardness even at elevated temperature. ͑Ti,Al͒N films have been successfully synthesized by reactive magnetron sputtering, 1-3 arc evaporation, [4] [5] [6] ion beam assisted deposition, 7, 8 arc bond sputtering ͑ABS™͒, 9 and plasma enhanced chemical vapor deposition methods. [10] [11] [12] Because of the characteristic of high ionization ratio, high ion energy ͑50-150 eV͒, high deposition rate, and flexibility of target arrangements, cathodic arc evaporation is the most commonly used method for the deposition of ͑Ti,Al͒N films. However, a drawback to cathodic arc is the generation of macro particles during evaporation, which will do great harm to the quality and properties of the deposited films. 13 Filtered cathodic vacuum arc is a promising technique for eliminating the micro particles effectively and producing high quality hard thin films. It employs electromagnetic and mechanical filtering techniques to remove unwanted macro particles and neutral atoms. Only ions within a defined energy range reach the substrate, thus producing films with good controllability and reproducibility.
14 Particle free and high sp 3 content ͑85%͒ tetrahedral amorphous carbon (ta-C) films have been successfully deposited by an off-plane double bend filtered cathodic vacuum arc ͑FCVA͒ technique. 15, 16 It is now possible to deposit high quality films on heat-sensitive substrates at room temperature using FCVA technique. 14 Raman spectroscopy is one of the most important nondestructive techniques for the characterization of inorganic materials. It has been used to analyze oxide-supported catalysts due to the high efficiency of the excitation, collection of light, and reducing background emission. 17 It is also particularly well adapted to the analysis of ceramics such as SiN, BN, partially stabilized zirconia, and high-T c ceramics, as it allows the investigation of highly localized volumes in ceramic microstructures. The dimensions of these volumes are comparable to typical grain sizes. For the characterization of carbon related materials, Raman spectroscopy is the most popular nondestructive technique because it is sensitive to the ratio of sp 2 and sp 3 bonding as well as the clustering of sp 2 carbon in the films. 14 Recently, Yakovlev et al. 18 demonstrated that the nonresonant Raman spectroscopy could be used for unequivocal determination of short-range order in ultrathin TiO 2 films, making it a much more sensitive characterization tool than x-ray diffraction ͑XRD͒. It is also reported by Constable et al. 19 that Raman spectroscopy is fairly informative for the characterization of hard nitride coatings.
In this article, ͑Ti,Al͒N films were deposited by the offplane double bend filtered cathodic vacuum arc technique at room temperature. Raman and XRD were used to characterize the structure of ͑Ti,Al͒N films. The influence of deposition pressure and substrate bias on the structure of ͑Ti,Al͒N films were studied.
II. EXPERIMENTAL DETAILS
The detailed off-plane double bend filtered cathodic vacuum arc ͑FCVA͒ deposition apparatus used in this work was published elsewhere. 14 from the arc spot on a Ti/Al composite cathodic target. The dimension of the target is 60 mm. For Ti/Al composite target, a hole with diameter of 42.4 mm was drilled at the center of the Ti target with the purity of 99.999%. The hole was filled by an Al rod of 99.99% purity. The composition of the target, which was determined by the surface area of Ti and Al component, is 30%Alϩ70%Ti. A curvilinear axial magnetic field is introduced in the system via an off-plane, double bend curved toroidal duct. The plasma is steered by the field through the duct to the deposition chamber. The ions in the plasma are deposited on the substrate without macro particle. The arc current was set to 120 A, the toroidal magnetic field fixed at 40 mT. The substrates used were ͗100͘ n-type silicon wafers. The thickness of Si wafer is 508Ϯ25 m. All samples were thoroughly cleaned ultrasonically in acetone. Before deposition the chamber was evacuated to 2.64ϫ10 Ϫ4 Pa, then Ar was introduced for sputter cleaning on the substrates for 10 min with a bias of Ϫ600 V and pressure of 1.32 Pa. Subsequently the chamber was evacuated to 2.64ϫ10 Ϫ4 Pa again. During the deposition of ͑Ti,Al͒N films, nitrogen gas was introduced into the deposition chamber. In this experiment, several ͑Ti,Al͒N films were deposited at room temperature by varying the nitrogen pressure and substrate bias. The deposition pressure was measured by using an active Pirani gauge ͑Edwards, England͒ with the measurement precision of 1ϫ10 Ϫ5 Pa. For the sake of simplicity, the substrate bias, which is negative for all the samples, is written as positive in this article. For the series of samples deposited at different deposition pressure or different substrate bias, the substrate bias or the deposition pressure is fixed at 200 V or 1.98ϫ10 Ϫ1 Pa, respectively. The structure of the deposited films was identified by x-ray diffractometry using Cu K␣ radiation with a thin film goniometer ͑Rigaku, Japan͒ at the incident beam angle of 0.5°.
Raman spectra were measured at room temperature on a visible Renishaw Ramanscope spectrometer using the 514.5 nm lines of Ar ϩ laser as excitation source, respectively. The Raman spectra were acquired over the range of 100-2000 cm Ϫ1 at 1 cm Ϫ1 resolutions. The laser spot size, laser power, and the acquisition time were set to 1 m, 50 mW, and 150 s, respectively. Figure 1 shows the x-ray diffraction patterns for as deposited ͑Ti,Al͒N films deposited at the pressure of ͑a͒ 1.32 ϫ10 Ϫ2 , ͑b͒ 6.6ϫ10 Ϫ2 , ͑c͒ 1.32ϫ10 Ϫ1 ͑d͒ 1.58ϫ10 Ϫ1 , and ͑e͒ 1.98ϫ10 Ϫ1 Pa. The crystal structures of the deposited films are strongly dependent on the nitrogen partial pressure. Two broad strong peaks and two weak peaks can be observed in the XRD pattern for the films deposited at the pressure of 1.32ϫ10 Ϫ2 Pa. The broad peak centered at 21°is the diffractions of Si substrate. The appearance of the broad peak centered at 40°, which fits well with the reflections ͑101͒ of the standard hexagonal-alpha Ti (hϪ␣Ti), indicates that the deposited film is metallic.
III. RESULTS AND DISCUSSION
For the film deposited at the pressure of 6.6ϫ10 Ϫ2 Pa, there is no significant change for the line shape. However, a closer examination shows that the position of the broad peaks shifted to 36.72°, which is quite close to the ͑111͒ plane of TiN, which indicates that the structure of ͑Ti,Al͒N films is face-centered cubic ͑fcc͒ type and exhibits a ͑111͒ preferred orientation. The broad feature of the peak indicates that the film is nanocrystalline with a large number of lattice disorder defects. Due to the broad feature, the peak may be composed of several diffraction peaks corresponding to (TiAl͒ 2 N and TiAl. Referring to the Joint Committee on Powder Diffraction Standards data, the two weak peaks at 52.3°and 74.1°are very close to the ͑220͒ plane of Ti 2 N and the ͑200͒ plane of Ti, respectively. This indicates the existence of (TiAl͒ 2 N and TiAl. As deposition pressure is increased to 1.32ϫ10 Ϫ1 Pa, the broad peak is shifted to 36.8°, which indicates the appearance of crystalline ͑Ti,Al͒N.
As the deposition pressure is increased to 1.58 ϫ10 Ϫ1 Pa, a significant change of the XRD pattern can be observed. The peak corresponding to the ͑111͒ plane becomes narrower and more pronounced, as shown in Fig.  1͑d͒ . Another new peak centered at 62.5°, which corresponds to the ͑220͒ plane of ͑Ti,Al͒N, can be observed. The sharper peak indicates an increase of grain size. The lattice parameter was determined to be 4.226 nm, which is very close but slightly smaller than that of TiN ͑4.24 nm͒. This is in good agreement with the result of Kimura et al. 20 This may be due to the substitution of Ti atoms in the film with smaller Al atoms, which leads to the decrease of the lattice parameter. The two peaks at 52.3°and 74.1°disappeared, which indicates the decrease of metal-rich and metallic phase in the film. The intensity ratio of ͑111͒-͑220͒ is 0.66, which is the ratio for nontextured polycrystalline film. This is consistent with the results of Huffman et al., 21 who reported that a normal orientation appears for AlN films deposited at a low sputtering pressure and a multi-orientation at a high sputtering pressure. For the films deposited at a pressure of 1.98 ϫ10 Ϫ1 Pa, two weak peaks at 42.6°and 74.6°appear, which is assigned to ͑200͒ and ͑311͒ of ͑Ti,Al͒N, respectively. A slight decrease of the intensity ratio of ͑111͒ to ͑220͒ was also observed. The variation of the preferential orientation may be due to the change of ion energy with nitrogen pressure. As mentioned above, the mean free path of ions is longer at lower pressure, the higher ion energy leads to the formation of a more dense structure with ͑111͒ orientation, which corresponds to the most open channeling direction. 22 At higher pressure, the ion energy becomes lower and leads to the formation of a mixed ͑111͒ and ͑220͒ texture.
The x-ray diffraction patterns of ͑Ti,Al͒N films deposited at the substrate negative bias of 0, 200, 400, 600, and 1000 V are shown in Fig. 2 . No feature can be observed in the x-ray diffraction pattern for the film deposited at the bias of 0 V, which indicates the amorphous nature of the film. For the film deposited at a bias of 200 V, two strong and sharp peaks at 36.8°and 62.5°together with two weak peaks at 42.6°and 74.6°can be observed. As mentioned above, the four diffraction lines at 2 of 36.8°, 42.6°, 62.5°, and 74.6°a re assigned to the ͑111͒, ͑200͒, ͑220͒, and ͑311͒ plane of ͑Ti,Al͒N, respectively. Further increase of substrate bias results in the decrease of intensity and the broadening of full width at half maximum ͑FWHM͒ of the four lines, which indicates the decrease of crystalline size and the increase of lattice defect density in the deposited film. 23 As the bias voltage increased to 1000 V, the XRD results indicate the film is amorphous. It is well known that the important parameters that affect ion energy are the bias voltage and deposition pressure. As the deposition pressure was kept constant in this series of experiments, the ion energy should be proportional to the substrate bias. For the film deposited at a substrate bias of 0 V ͑i.e., floating condition͒, the ion energy is the lowest, resulting in the lowest atom mobility. Only amorphous porous film can be formed. With increasing substrate bias, knock on atoms may penetrate deeper into the film where they become trapped as interstitial, preferentially quenched in vacancy sites. Vacancies near the surface, which are produced by bombarding ions, are partially refilled by newly arriving ions, which results in downward packing of material such that film no longer grows in a porous columnar network, but instead grows in a densely packed structure. 24 In addition, the increase of substrate bias also results in the increase of atom mobility, which also leads to the decrease of defect density. Then, crystalline ͑Ti,Al͒N film can be obtained at the bias of 200 V. However, the interacting ions produce vacancies as energetic ions strike the film surface. Therefore, the further increase of substrate bias will induce more lattice defect in the film, which corresponds to the decrease of the intensity and the broadening of x-ray diffraction lines ͓Fig. 2͑c͔͒. When the bias reached 1000 V, all the XRD patterns disappeared.
The Raman spectra in the range 100-2000 cm Ϫ1 for ͑Ti,Al͒N film deposited at the pressure of ͑a͒ 1.32ϫ10 Ϫ2 , ͑b͒ 6.6ϫ10 Ϫ2 , ͑c͒ 1.32ϫ10 Ϫ1 , ͑d͒ 1.58ϫ10 Ϫ1 , and ͑e͒ 1.98ϫ10
Ϫ1 Pa are shown in Fig. 3 . It is apparent from the figure that the Raman spectra of the deposited films are also significantly influenced by the deposition pressures. For the film deposited at a pressure of 1.32ϫ10 Ϫ2 Pa, the Raman scattering is very weak, and no obvious peaks can be observed. XRD results ͓Fig. 1͑a͔͒ indicate that the film deposited at 1.32ϫ10
Ϫ2 Pa is metallic. Generally, there are several restricting factors for Raman scattering on materials with metallic properties, such as prohibiting selection rules, and low penetration depth of the incident light because of high reflectivity from the metallic surface, which leads to the weak feature of Raman spectra. One broad strong peak centered at 220 cm Ϫ1 can be clearly observed in the spectrum for the film deposited at 6.6ϫ10 Ϫ2 Pa ͓Fig. 3͑b͔͒. A closer examination allows us to distinguish a weak shoulder peaked at 560 cm Ϫ1 from the main feature. As deposition pressure is increased to 1.32ϫ10 Ϫ1 Pa, the main feature shifts to 290 cm
Ϫ1
, and the feature at 560 cm Ϫ1 becomes more pronounced. For the film deposited at 1.58ϫ10 Ϫ1 Pa, no obvious change can be observed for the feature at 220 cm Ϫ1 , however, another peak at 670 cm Ϫ1 became apparent. No further change of Raman line shape can be observed when the N 2 pressure reaches 1.98ϫ10 Ϫ1 Pa. In order to better understand the structure of ͑Ti,Al͒N films, the Raman spectra in the range of 100-1000 cm Ϫ1 are fitted using the mixture of Gaussian and Lorentzian profile. The Gaussian ratio was automatically adjusted by Grams/32 software. The Raman spectrum of ͑Ti,Al͒N film can be fitted well with four Gaussian-Lorentzian peaks at 238, 326, 442, and 679 cm
. Figure 4 shows the typical deconvolution results of the Raman spectrum for the film deposited at a pressure of 1.98ϫ10 Ϫ1 Pa. In a perfect crystal with fcc structure, every ion is at a site of inversion symmetry and consequently first-order Raman scattering is forbidden. However, it is expected that the deposited film contains many microscopic defects, i.e., both heavy metal ion and also lighter nitrogen ion vacancies are present. These defects reduce the effective symmetry and certain atomic displacements of neighboring atoms have nonzero first-order polarizability derivatives. The first-order Raman scattering from a perturbed crystal reflects the density of states for those atomic displacements rendered Raman active by the presence of the impurity/defect. 25 It has been concluded that the dispersion curves lead to a group of bands due to acoustic transition in the 150-300 cm Ϫ1 region and another set of lines due to optic modes in the 400-650 cm Ϫ1 region. 19 The peaks at 238, 326, 442, and 679 cm Ϫ1 are arisen from the transverse acoustic, longitudinal acoustic, transverse acoustic optical, and longitudinal acoustic modes of ͑Ti,Al͒N, respectively. Figure 5 shows the dependence of ͑a͒ the FWHM of the peaks, and ͑b͒ the intensity ratio for the peaks at 326 cm ͒. 26 The increase of I 679 /I 239 with deposition pressure indicates that the higher N content in the film deposited at higher deposition pressure. This is consistent with XRD results which show that the film structure evolves from metallic, to metal rich (Ti,Al͒ 2 N, and finally to ͑Ti,Al͒N with increasing deposition pressure. In addition, the total spectral density in the gap region ͑350-500 cm Ϫ1 ͒ between the acoustic and optic modes has mainly arisen from the wider distribution of stoichiometric and defects. 19 The decrease of I 326 /I 239 and I 442 /I 239 with deposition pressure indicates the decrease of stoichiometric and lattice defects, and the improvement of the crystalline properties. This is also consistent with the XRD results, which illustrates that the films deposited at the pressure below 1.32ϫ10
Ϫ1 Pa are amorphous and substoichiometric. No obvious variation of FWHM of the peaks at 239, 326, and 442 cm Ϫ1 with deposition pressure can be observed. However, the FWHM of the peak at 679 cm Ϫ1 decreases drastically with increasing deposition pressure to 1.32ϫ10 Ϫ1 Pa. Normally, amorphous materials give rise to broad, diffuse peaks, while crystalline materials give well-defined sharp peaks. The decrease of the FWHM at 679 cm Ϫ1 also indicates the decrease of structural order with increasing deposition pressure.
The Raman spectra in the range 100-2000 cm Ϫ1 for ͑Ti,Al͒N films deposited at the substrate bias of 0, 200, 400, 600, and 800 V are shown in Fig. 6 . For the film deposited at a bias of 0 V, the Raman spectrum exhibits one broad peak in the range 100-1000 cm Ϫ1 centered at 220 cm Ϫ1 and one shoulder at 560 cm
. As substrate bias increase to 200 V, the shoulder becomes more pronounced and a sharp peak at 670 cm Ϫ1 can be clearly observed. Further increase of substrate bias results in the gradual increase of Raman spectra intensity in the range 300-500 cm
. Figure 7 illustrates the dependence of ͑a͒ the full width at half maximum ͑FWHM͒ of the peaks, and ͑b͒ the ratios of the peaks at 326 cm Ϫ1 (I 326 /I 239 ), 442 cm Ϫ1 (I 442 /I 239 ), and 679 cm Ϫ1 (I 679 /I 239 ) to the peak at 239 cm Ϫ1 on the substrate bias. As substrate bias is increased, I 326 /I 239 and I 442 /I 239 decrease, reaching the minimum at a bias of 200 V, and then increase with the further increase of substrate bias. This indicates that the stoichiometric and lattice defects decrease with increasing substrate bias to 200 V. Further increase of substrate bias leads to the increase of defects in the films. This is also consistent with XRD results as mentioned above. However, no significant change of I 679 /I 239 occurs with increasing substrate bias to 800 V, which indicates that the substrate bias plays a minor role in the N content in the films. The variation of FWHM with substrate bias shows that the FWHM of the peaks at 239, 326, and 442 cm Ϫ1 remains almost constant. However, at the substrate bias below 200 V, the FWHM of the peak at 679 cm Ϫ1 decreases drastically with increasing substrate bias. Further increase of substrate bias results in the gradual increase of the FWHM. As discussed above, the decrease of FWHM results from the decrease of lattice disorder. The variation of the FWHM with substrate bias indicates that the film deposited at the substrate bias of 200 V has the lowest lattice defect density, which is consistent with the XRD results as shown in Fig. 2 .
IV. CONCLUSION
In this article, XRD and Raman spectroscopy were used to characterize the structure of ͑Ti,Al͒N films deposited by an off-plane double bend filtered cathodic vacuum arc technique. XRD patterns and Raman spectra of the deposited films were strongly dependent on the deposition pressure and substrate bias. XRD results indicate that as deposition pressure is increased, the film structure evolves from metallic, to metal rich (Ti,Al͒ 2 N, and finally to a single face-centered cubic ͑Ti,Al͒N. As substrate bias is increased to 200 V, the structure evolves from amorphous to crystalline ͑Ti,Al͒N. Further increase of substrate bias results in the decrease of the crystalline size and increase of amorphous phase. The variation trends of the Raman spectra with the deposition pressure and substrate bias are in good agreement with that of the XRD measurements. Our results indicate that Raman spectroscopy is a very useful nondestructive technique for the structure characterization of ͑Ti,Al͒N films.
